Abstract Aim Chemotherapy with indisulam causes myelosuppression. This study aimed to evaluate the influence of patient-related covariates on pharmacokinetics and pharmacodynamics, to identify patients at risk for severe myelosuppression and to develop a dosing algorithm for treatment optimization. Methods Pharmacokinetic and pharmacodynamic data of 412 patients were available. Non-linear mixed effects modeling was used to determine the relative risk of dose-limiting myelosuppression for various covariates (demographics, physical condition, prior treatment, comedication, CYP2C genotype and biochemistry). Results Body surface area (BSA), race and CYP2C genotype had a significant impact on indisulam elimination (P \ 0.001). Low BSA, Japanese race, variant CYP2C genotype, low baseline neutrophil and thrombocyte counts and female sex were clinically relevant risk factors of dose-limiting myelosuppression (RR [ 1.1). A dosing strategy was developed to optimize treatment for patient subgroups. Conclusions This study has identified covariates related to an increased risk of myelosuppression after indisulam therapy. Dose individualization may contribute to treatment optimization.
Introduction
Indisulam is an investigational anticancer agent that has been tested in multiple single agent phase I and II studies. Myelosuppression was the dose limiting toxicity (DLT) in dose escalation studies. Based upon the phase I program, an intravenous 1-h infusion of 700 mg/m 2 was considered safe and was recommended for further clinical evaluation [1] .
Even though a dose of 700 mg/m 2 was well tolerated by most patients, severe hematological toxicity occurred in a subpopulation of patients [2] [3] [4] [5] [6] [7] . Both neutropenia and thrombocytopenia were frequently observed. Therapy with indisulam was mainly limited by the occurrence of CTC (Common Toxicity Criteria [8] ) grade 4 neutropenia, causing an increased risk of severe or even lifethreatening infections [2] [3] [4] [5] [6] [7] .
The severity of haematological toxicity after treatment with indisulam showed wide interpatient variability. We hypothesized that patient-related covariates may explain interindividual differences in the severity of haematological toxicity. Identification of relevant patient-related covariates and subsequent dose individualization may reduce differences in indisulam-induced myelosuppression between patients.
A clear relationship between indisulam pharmacokinetics and its haematological toxicity was previously demonstrated by our group [9] . Consequently, differences in indisulam-induced myelosuppression are partly caused by pharmacokinetic variability. In order to minimize pharmacokinetic variability, the dose of indisulam is calculated based on body surface area (BSA). The benefit of BSA-guided dosing was confirmed in a previous population pharmacokinetic study [10] . In addition, we demonstrated that differences in indisulam pharmacokinetics were partly caused by polymorphisms of CYP2C enzymes [11] . Genetic information may therefore also be used for dose individualisation of indisulam. In the current analysis over the complete data, we evaluated the impact of a large selection of patient-related factors (demographics, physical condition, prior treatment, concomitant medication, CYP2C genotype and biochemistry) on the pharmacokinetic profile of indisulam.
Differences in indisulam-induced myelosuppression may not only be caused by pharmacokinetic variability. Pharmacodynamic variability may also play a major role. Kloft et al. identified several patient-related covariates as risk factors for neutropenia after treatment with taxanes or topoisomerase inhibitors [12] . For indisulam, the impact of patient-related factors on the susceptibility of drug-induced myelosuppression was investigated in this analysis.
Treatment with indisulam can be optimized by a priori identification of patients at risk of severe myelosuppression. Subsequent dose individualization may (1) prevent unnecessarily high risks of haematological DLT for more susceptible patients and (2) allow treatment with relatively high doses of indisulam for patients who are less susceptible for haematological toxicity, which may be beneficial for treatment efficacy. The aims of this study were (1) to investigate the impact of patient-related covariates on pharmacokinetic and pharmacodynamic parameters related to indisulam-induced hematological toxicity, (2) to identify patients at risk of developing severe myelosuppression and (3) to develop an algorithm for dose individualization of indisulam and to validate this algorithm in silico.
Methods

Patients and data
Data from 7 phase I studies and 6 phase II studies were used (Table 1) . Study protocols were approved by the Medical Ethical Committees and all patients gave written informed consent. Indisulam was administered in various schedules (Table 1) . Indisulam concentrations were measured in plasma, red blood cells (RBC) and plasma ultrafiltrate. High-performance liquid chromatography methods with UV detection were used for quantification of indisulam [10, 13] . The assays were validated for the concentration range 0.02-50 mg/l. Assay accuracy and precision were acceptable (\18.8%). Absolute neutrophil counts and thrombocyte counts were determined twice weekly during the entire treatment course. All treatment cycles that were monitored for pharmacokinetics and pharmacodynamics were included in the current analysis.
Data analysis
All analyses were performed using NONMEM software (version V, double precision, level 1.1) (Globomax LLC, Hanover, USA) [14] . The First-Order Conditional Estimation (FOCE) method of NONMEM with interaction (INTER) between the interindividual and residual random effects was the method of choice, but this resulted in unacceptably long run times (multiple weeks). Therefore, the First-Order (FO) method was used to fit logarithmically transformed concentration time data (both drug concentrations and blood cell concentrations, see Eq. 5). Discrimination between hierarchical models was based on the objective function value (OFV) of NONMEM using the likelihood ratio test [14] .
Pharmacokinetic and pharmacodynamic data were analyzed sequentially. The pharmacodynamic parameters were estimated conditional on the previously estimated population pharmacokinetic parameters and the pharmacokinetic data. This method has been described in detail by Zhang et al. [15] .
The final pharmacokinetic and pharmacodynamic model was used in simulation studies to assess the relative risk of haematological DLT for various patientrelated covariates and to develop an algorithm for dose individualization (see below).
Basic pharmacokinetic and pharmacodynamic model
Semi-physiological models of indisulam pharmacokinetics and its hematological toxicity have been developed [9, 16] . This pharmacokinetic model consisted of four semi-physiological compartments: plasma (PL), RBC, interstitial fluid (IF) and tissue (TIS) (Fig. 1) . Indisulam was saturably bound to plasma proteins in plasma and in IF (B max PL , K D PL , B max IF , K D IF ), to carbonic anhydrase in RBC (B max RBC , K D RBC ) and to tissue components (B max TIS , K D TIS ). In addition, indisulam was non-specifically bound to RBC and tissue components (N RBC , N TIS ). Distribution between plasma and RBC was described by the intercompartmental clearance Q PL-RBC . The data did not contain sufficient information in order to precisely estimate the intercompartmental clearance between plasma and IF. Instead, the distribution between plasma and IF could be well described by an instantaneous equilibrium. Drug elimination was described by two parallel The volumes of blood (calculated from gender and body surface area), RBC and plasma (calculated from the blood volume and hematocrit) and IF (calculated from body weight) were based on relationships that were supported by previous publications [17, 18] . As indisulam was saturably bound to albumin, the maximal binding capacity of indisulam in plasma and in IF was related to the albumin level. The albumin level in IF was assumed to be 50% of the plasma albumin level [16] . The basic pharmacokinetic model of indisulam included these physiological-based covariate relationships, but was free of any empirically determined covariate relationships.
The basic pharmacokinetic model of indisulam also comprised an interaction model of a pharmacokinetic drug-drug interaction with capecitabine. Indisulam elimination was reduced by concomitant treatment with capecitabine. A metabolite of capecitabine probably inhibits the synthesis of active CYP2C9 enzyme. An interaction model was previously developed to describe the effect of capecitabine on indisulam pharmacokinetics [19] . Briefly, an enzyme turnover model of five sequential transit compartments was used to account for the drug-drug interaction between indisulam and capecitabine for patients who were included in study 12. The input into the enzyme turnover model was blocked during treatment with capecitabine, which resulted in a reduction of the amount a active enzyme and a consequent reduction of the saturable elimination rate of indisulam. The mean transit time of the enzyme (MTT enzyme ) was estimated [19] . A model of haematological toxicity was used to describe the time profiles of neutrophils and thrombocytes. This model comprised a progenitor compartment of proliferating blood cells, three transit compartments representing maturation chain in the bone marrow and a compartment corresponding to the central circulation (Fig. 1) . The first-order rate constant for the transition between the transit compartments is represented by k tr . The proliferation rate constant k prol was equal to k tr in this model. A feedback mechanism was included, which represents the effect of the release of endogenous growth factors as a response to the decrease of cells in the systemic circulation. This mechanism influences the proliferation rate and was incorporated in the model according to a power function of the ratio between the cell count at baseline (C 0 ) and the cell count at time t (Ct), according to (C 0 /Ct) c , where c is the estimated parameter of the feedback mechanism. This model was linked to the pharmacokinetic model by a linear function (slope x C indisulam ) that corresponded to the inhibition of cell proliferation by indisulam [9] .
The previously published pharmacokinetic and pharmacodynamic models have been developed using data from five phase I studies. In the current analysis, data from eight additional studies were available. Therefore, the basic model could be further developed prior to the covariate analysis. The structural pharmacokinetic model as presented in Fig. 1 was re-evaluated. For the link function between C indisulam and the inhibition of cell proliferation (slope 9 C indisulam ), the free concentration of indisulam in plasma was used, as opposed to the total plasma concentration. Baseline neutrophil and thrombocyte counts were estimated from the last measurement that was performed prior to the first administration of study treatment.
Covariate analysis
Potentially relevant covariates were tested to be related to pharmacokinetic and/or pharmacodynamic parameters of indisulam. A pre-specified analysis plan was used. Only covariate relationships that were considered plausible were evaluated ( Table 2 ). For instance, we investigated the effect of the concomitant use of granulocyte colony-stimulating factor (G-CSF) on the turnover time of blood cells, on the cytotoxic effect of indisulam and most importantly on the feedback parameter gamma, which represented the effect of endogenous growth factors. Prior treatment might have resulted in bone marrow damage and thus might be related to pharmacodynamic parameters. Concomitant use of inductors and inhibitors of the For covariate effects included in the model after backward elimination (pre-final model), the contribution of each patient to the difference in OFV (between the prefinal model with and without the covariate effect of interest) was calculated. These individual differences in the OFVs were used as a tool to identify patients having a large impact on the difference in OFV for the covariate effect of interest [20] . Covariate relationships that were driven by single or very few patients were excluded from the pre-final model, which resulted in the final model. Dichotomous (DI), ordinal (OR) and continuous (CO) variables were tested and the respective covariate relationships were defined according to Eqs. 1, 2 and 3, respectively. Dichotomous variables were either 0 or 1. P pop was the typical population value of parameter P and P g corresponded to the typical value of P for the gth group of individuals with identical covariate values. The value of the covariate factor CF determined how strong P was influenced by the covariate.
Missing covariates
Patients with missing categorical covariates were considered as an additional subgroup with their own typical parameter value. For instance, during evaluation of the covariate 'liver metastates', three subgroups were identified (liver metastases: yes, liver metastases: no, liver metastases: unknown/missing), which resulted in a model with two extra typical effects. Missing continuous covariates were estimated from log-normal distributions. The geometric mean and variance of missing covariates were assumed to be identical to the geometric mean and variance of observed continuous covariate values.
Random effect models
Variances of random differences between individuals in each pharmacokinetic parameter were estimated using exponential models (Eq. 4). In this equation, P i represents the value of parameter P for the ith individual, P g is the typical group value and g is the interindividual random effect with mean 0 and variance x 2 .
Differences between observed and individual predicted concentrations (both drug concentrations and blood cell concentrations), resulting from measurement error and model misspecification, were also regarded as random effects and were modeled as exponential errors using:
where e is the residual error with mean 0 and variance r 2 , representing the difference between the natural logarithm of the jth observed concentration in the ith individual (ln(C obs ij )) and its respective prediction (ln(C pred ij )). The variances of the residual errors of baseline neutrophil and thrombocyte counts and the variances of the residual errors of post-treatment neutrophil and thrombocyte counts were assumed to be identical, respectively.
Clinical relevance
Statistically significant covariates were tested for clinical relevance. The risk of haematological DLT, defined as neutropenia CTC grade 4 during [7 days and/or thrombocytopenia CTC grade 4, was used to assess clinical relevance. Groups of patients were simulated to determine the relative risk of haematological DLT for each covariate after administration of 700 mg/m 2 indisulam in a 1-h infusion. The covariate in question was set to the 2.5 percentile (group 1), the 50 percentile (group 2) or the 97.5 percentile (group 3) of the observed covariate values. The other covariates corresponded to the observed covariates in the study population. Each observed combination (n = 412) was used 10 times in each simulated group. Consequently, each group comprised 4,120 patients. The relative risks of group 1 and 3 were defined as the ratios between the frequencies of haematological DLT in group 1 or 3, and the frequency of haematological DLT in group 2. A covariate effect was considered clinically relevant if the relative risk of haematological DLT after treatment with 700 mg/m 2 indisulam was estimated to be less than 0.9 or more than 1.1 for either group 1 or group 3.
For a group size of 4,120 patients, the complete 95% confidence interval of the simulated relative risk was between 0.9 and 1.1 for covariates with no effect on clinical outcome. For covariates that were related to a 20% change in the risk of haematological DLT, the 95% confidence interval of the simulated relative risk was completely below 0.9 or completely above 1.1. Therefore, this strategy guaranteed exclusion of covariates with no effect on clinical outcome (confidence level [0.95) and selection of covariates that were related to a 20% change in the risk of haematological DLT (power [0.95).
In this simulation study, each patient-related covariate was individually assessed for its relative risk of dose limiting myelosuppression. However, independent evaluation of body size measures (i.e. weight WT, height HT, body surface area BSA) would have resulted in simulation of subjects with impossible combinations of covariate values, for instance high WT, high HT and low BSA. To prevent this, highly correlated body size measures evaluated simultaneously, which resulted in a relative risk for small (WT = 42 kg and BSA = 1.42 m 2 ) and large (WT = 109 kg and BSA = 2.25 m 2 ) body size.
Identification of patients at risk
The final model, including all covariates that were statistically significant, was applied to identify patients at risk. In this part of the simulation study, the impact of real-life combinations of covariates (e.g. female sex, Japanese race, small body size, CYP2C19*1/*3 genotype) was assessed in contrast to an evaluation of single covariate. To avoid bias caused by correlation between the various patient-related covariates, only combinations of covariates that were observed in the study population (n = 412) were taken into consideration. Using the observed combinations of patient-related covariates, 412 groups of 1,000 patients were simulated to receive 700 mg/m 2 indisulam in a 1-h infusion. The overall absolute risk of haematological DLT was defined as the proportion of patients who experienced neutropenia CTC grade 4 during [7 days and/or thrombocytopenia CTC grade 4. The group size of 1,000 patients guaranteed a small relative standard error of the risk simulation (0.05 for a proportion of 0.3). The 412 combinations of covariates were ranked according to the risk of haematological DLT. Covariate values of patients 1-41 (top 10%) were compared to the covariate values of patients 372-412 (lower 10%) in order to verify which covariates were related to high or low risk of haematological DLT. The relationships between each covariate and the risk of haematological DLT were visualized in scatter plots.
Algorithm for dose individualization
A selection of clinically relevant covariates was included in the dosing algorithm. The covariate values of each patient were used to define a score and an individualized dose. Covariate values that were related to an increased risk of haematological DLT required a dose reduction and covariate values that were related to a reduced risk required a dose increment. In a step-wise process, various possible algorithms for dose individualization were evaluated by the same method that was used to identify patients at risk. Using the observed combinations of patient-related covariates, 412 groups of 1,000 patients were simulated to receive an individualized dose of indisulam in a 1-h infusion. Thus, each of the 412 observed combinations was used to randomly draw 1,000 patients from the population PK-PD model, the PK-PD profiles after indisulam treatment were simulated and haematological toxicities were scored. In each step, correlations between the risk of haematological DLT and the relevant covariates were assessed. If a correlation was still present, the corresponding dose adjustment was increased in the next step. If the direction of a correlation was inversed, the corresponding dose adjustment was reduced in the next step. The algorithm for dose individualization resulting in (1) an acceptable overall absolute risk of haematological DLT for oncology clinical practice of 33% and (2) minimization of the correlation between each patient characteristic and the risk of haematological DLT was finally selected.
Results
Patients and data
Pharmacokinetic and hematological measurements were available from 412 patients. The 412 patients received a total of 1,263 treatment cycles (median: 2 cycles). Treatment duration varied from 1 day to 26 months. In total, 6,349 indisulam concentrations in plasma were measured in 594 treatment cycles. In a subgroup of 21 patients, 308 concentrations of indisulam were determined in RBC and 42 in plasma ultrafiltrate. 2,669 Absolute neutrophil counts and 2,762 thrombocyte counts were available from all patients. The data set was considerably larger than the data set that was used for a previously published pharmacokinetic analysis of indisulam [16] . Sequential analysis of pharmacokinetic and pharmacodynamic data was justified by the results since the empirical Bayesian estimates of the pharmacokinetic parameters were very similar for the pharmacokinetic model and the pharmacokinetic-pharmacodynamic model. Table 2 lists the frequencies and observed ranges of the patient-related covariates that were evaluated in this covariate analysis. Data on physical condition, demographics, prior treatment, concomitant medication and clinical chemistry parameters could be retrieved for the majority of the patients. For each covariate, Table 2 indicates the number of patients with an unknown value. Genotype data were available for patients who participated in studies 5, 12 and 13 (Table 1) . Baseline neutrophil counts (median 5.3 9 10 9 /l, missing n = 51) and baseline thrombocyte counts (287 9 10 9 /l, missing n = 42) were part of the basic models of neutropenia and thrombocytopenia.
Patient-related covariates
Covariate selection for pharmacokinetic parameters
Out of 61 covariate relationships that were tested in univariate analyses, 28 were statistically significant. Six covariate relationships remained after backward elimination. The pharmacokinetic parameter estimates of the final model are listed in Table 3 . More details of the significant covariate relationships are presented in Table 4 .
Both the linear and the saturable elimination rates of indisulam were related to measures of body size. The linear clearance (CL) of indisulam was significantly related to body weight (CL g = CL pop Á[WT/69] CF , see Eq. 3). The covariate factor CF was not significantly different from 0.75, which is in accordance with allometric scaling [21] . Patients with a BSA of 2.1 m 2 had a 22% larger V max than patients with median BSA. The maximal elimination rate V max was reduced by 31% for heterozygous CYP2C9*3 mutations and the linear clearance was reduced by 49% for heterozygous *2 or *3 mutations in the gene encoding for CYP2C19. As expected, the typical values of V max and the linear clearance for patients with unknown genotype were between the values for wildtype patients and patients with a variant genotype. Caucasian patients had a 61% larger V max than Japanese patients. Body weight was inversely related to specific binding of indisulam in body tissue.
In addition, ascites was borderline significantly related to the clearance of indisulam. The impact of ascites on indisulam pharmacokinetics could be accounted for by an increased distribution volume of indisulam for patients with ascites, but the volume of the extra peripheral compartment was not different for patients with and without ascites.
Covariate selection for pharmacodynamic parameters Table 3 shows the pharmacodynamic parameter estimates of the final model and the covariate relationships that were statistically significant are listed in Table 4 . The turnover time of neutrophils and thrombocytes was shorter for females than for males. Prior chemotherapy was related to higher sensitivity of neutrophils to the cytotoxic effect of indisulam.
Concomitant use of granulocyte colony stimulating factor (G-CSF) did not significantly affect the feedback parameter gamma of neutrophils. Unexpectedly, patients who were treated with G-CSF were significantly more susceptible to the myelosuppressive effect of indisulam. This should not be interpreted as a causal relationship, since it is very unlikely that treatment with G-CSF caused an increase in haematological toxicity of indisulam. The observed relationship is rather due to selection bias: patients who were susceptible for the haematological effects of indisulam were more likely to be treated with G-CSF (see discussion). It was concluded that the design of this study was not suitable to investigate the effect of G-CSF on haematological toxicity. Hence, the impact of G-CSF treatment on clinical outcome was not further investigated in simulation studies.
The statistical covariate analysis suggested that the cytotoxic potency of indisulam for thrombocytes was reduced in older patients (DOFV = -17). However, the individual difference in the OFV was large for one patient (DIOFV = -25) and very small for the other 411 patients. This demonstrated that the effect of age on the inhibition of cell proliferation was driven by a single patient and this relationship was not taken into account in further simulation studies.
Clinical relevance
The relative risk was larger than 1.1 for female patients (RR = 1.18) as well as for patients from Japanese origin (RR = 1.19), with small body size (RR = 1.13 for WT = 45 kg and BSA = 1.42 m 2 ), with a variant CYP2C9 genotype (RR = 1.38 for homozygous CYP2C9*3 mutants) and with a variant CYP2C19 genotype (RR = 2.34 for homozygous CYP2C19*2 or *3 mutants) ( Table 4 ). Despite the fact that a BSA-based dosing strategy was employed, body size had a moderate impact on the risk of haematological DLT after a 700 mg/m 2 dose (RR = 1.13 for WT = 45 kg and BSA = 1.42 m 2 ). Prior chemotherapy did not lead to a clinically relevant increase in risk of toxicity (Table 4) .
Identification of patients at risk
The overall absolute risk of haematological DLT at the first cycle of treatment with 700 mg/m 2 indisulam was 0.32. Despite BSA-based dosing (700 mg/m 2 ), the 10% patients with the highest risk of dose limiting myelosuppression had a smaller body size as compared to the 10% lowest risk patients (Fig. 2a, b) . High risk patients also had lower baseline blood cell counts (Fig. 2c, d) . Moreover, the high risk group comprised more female (34 vs. 12) and Japanese patients (14 vs. 0) than the low risk group and more high risk patients had one or more CYP2C19 mutations (13 vs. 1).
The patient with the lowest risk of dose limiting haematological toxicity was a Caucasian male patient with large body size (BSA = 2.23 m 2 , weight = 119 kg) and a wildtype CYP2C genotype. The patient with the highest risk was a Japanese female patient with small body size (BSA = 1.4 m 2 , weight = 47 kg) who was homozygous for the CYP2C19*2 mutation. The equilibrium dissociation constant was determined in a previous non-dynamic analysis [31] c The albumin concentration in interstitial fluid was assumed to be 50% of the plasma level [32] J
Algorithm for dose individualization
The clinically relevant patient-related covariates were considered for inclusion into the dosing strategy. Baseline platelet and neutrophil counts were correlated and it was therefore sufficient to only include the baseline neutrophil count into the dosing algorithm. The correlation between the risk of haematological DLT and body size measures was weaker after BSA-based dosing than after weight-based dosing. Hence, BSA-based dosing was superior over weight-based dosing. Female and Japanese patients required a dose reduction as well as patients with a mutant CYP2C genotype. Table 5 shows the proposed algorithm for dose individualization of indisulam. The proposed indisulam dose for Caucasian male patients with a wildtype CYP2C genotype and a baseline neutrophil count between 4 9 10 9 /l and 8 9 10 9 /l was 775 mg/m 2 . Patients with female sex, variant CYP2C genotype, Japanese race and/or a baseline neutrophil count below 4 9 10 9 /l required a reduced dose. Conversely, a dose increment was indicated for patients with a baseline neutrophil count above 8 9 10 9 /l. In Table 5 , two examples of the application of the dosing algorithm are presented. A dose of 900 mg/m 2 is recommended for a Caucasian male patient with a wildtype genotype and a baseline neutrophil count of 9 9 10 9 /l and a dose of 375 mg/m 2 is recommended for a Japanese female patient who is homozygous for the CYP2C19*2 mutation. Correlations between risk factors and the risk of severe myelosuppression resolved upon the application of this dosing algorithm (Fig. 3) . Figure 4 demonstrates that some patients required a reduced dose of indisulam in order to enhance treatment safety. Conversely, around 50% of the patients could be treated with a higher dose than the standard 700 mg/m 2 , which may be beneficial for treatment efficacy. The overall absolute risk of dose limiting myelosuppression was the same for the original BSA-based dosing strategy (risk = 0.32) and the new dosing algorithm (risk = 0.33). However, the distribution of the individual risk probability for DLT was wider with BSA-based dosing as compared to the new dosing algorithm (Fig. 5) . In order to produce Fig. 5 , the individual risk of dose limiting myelosuppression was calculated for each of the 412 patients. Patients were ranked from low to high risk, resulting in a patient ranking number . This number was plotted against the risk of dose limiting haematological toxicity. The distribution was narrowed and the risk of dose limiting myelosuppression was partly equalized by the application of the new dosing algorithm. All patients had a risk between 15% and 55% after application of the new dosing strategy, in contrast to the BSA-based dosing where the risk was between 14% and 78%.
Discussion
In this study, we evaluated the impact of patient-related covariates on indisulaminduced myelosuppression. Patients with low neutrophil counts and/or polymorphisms of the gene encoding for the CYP2C enzymes had an increased risk of haematological DLT after treatment with indisulam. Additional risk factors were female sex and Japanese race. These risk factors were included into a dosing algorithm for individualization of treatment with indisulam. The baseline neutrophil count was identified as the most important characteristic for dose individualization of indisulam. Neutrophil counts are determined as routine clinical practice prior to chemotherapy. If these cell counts are below predefined criteria, a dose delay may be indicated. This study shows that neutrophil counts can not only be used to determine whether a patient's condition allows treatment with indisulam, but also to define which dose is required for treatment optimization.
In this study, it was assumed that patients are optimally treated by the highest safe dose of indisulam. This assumption seems reasonable for the cell cycle inhibitor indisulam, but future studies to further investigate the relationship between drug exposure and antitumour effect are warranted.
The impact of CYP2C polymorphisms on the risk of myelosuppression was previously investigated by our group. In this previous study, the CYP2C9*3 polymorphism was significantly related to a reduced maximal elimination rate (V max ) of indisulam [11] . Concurrent treatment with capecitabine was also related to a reduction of V max [19] . In the current analysis over the complete data, the effect of 5 The distribution of the risk probability for the study population (n = 412) for flat dosing (), BSA-based dosing ( ) and for the dosing algorithm (d). Patients were ranked from low risk (lower left) to high risk (upper right). The application of the dosing algorithm resulted in a more uniform distribution of the risk, which resulted in a steeper curve the CYP2C9*3 mutation was not statistically significant due to correlation of CYP2C9 genotype and concomitant use of capecitabine in the study population.
High body weight was related to low maximal binding capacity of indisulam in body tissue. Although the exact nature of specific and non-specific binding of indisulam to tissue components is unknown, our results imply that the binding capacity of fat tissue is lower than the binding capacity of lean body tissue. High body weight was also related to high indisulam clearance. The power law of allometric scaling was successfully applied to include this effect into the covariate model [21] .
The effect of G-CSF on neutropenia was previously demonstrated by Kloft et al. [12] . For neutrophil counts, the feedback parameter gamma was increased in patients who received G-CSF after chemotherapy. This effect was not demonstrated in the current study. Conversely, the cytotoxic effect of indisulam was relatively high in patients who were treated with G-CSF. This observation is most likely due to selection bias: patients who were very sensitive to the cytotoxic effect of indisulam were treated with G-CSF on medical indication.
In the previously published models of chemotherapy-induced neutropenia and thrombocytopenia, the cytotoxic effect of anticancer drugs was related to total plasma concentrations. In the current study, however, the cytotoxic effect of indisulam was considered proportional to its free plasma concentrations. This consideration was in accordance with the free-drug hypothesis, which suggests that only free drug in plasma determines in vivo drug effects. This has been demonstrated for several drugs, such as lidocaine and beta-receptor antagonists [22, 23] . For indisulam, the likelihood of the myelosuppression model was increased indeed when free plasma concentrations of indisulam were used instead of total plasma concentrations.
Special consideration was given to the problem of missing covariates in this analysis. It was attempted to estimate missing covariates from a mixture model (nominal data) and from log-normal distributions (continuous data). Unfortunately, the mixture method resulted in unacceptably long run times. Therefore, an extra typical parameter value was estimated for patient subgroups with missing covariates in order to avoid bias.
Parameter estimates generally corresponded well to previously reported values [9, 24] This indicates that the parameter estimates were largely independent of the estimation method in NONMEM, which supports the adequacy of the FO method for this analysis.
Patient-related covariates might not always have a large impact in univariate analyses, but might become relevant in combination with other patient-related covariates. Therefore, the evaluation of interaction terms of covariate effects was considered. This resulted in model over-parameterization. Yet, we took co-linearity between covariate effects into account by using only observed combinations of patient-related covariates in the simulation studies.
A dosing algorithm was developed to promote safety and efficacy of treatment with indisulam. A Japanese female patient with a CYP2C19*2/*2 genotype will have an acceptable risk of dose limiting myelosuppression after treatment with a reduced dose of 375 mg/m 2 indisulam. A Caucasian male patient with a wildtype genotype and a baseline neutrophil count of 9 9 10 9 /l can be optimally treated with a dose of 900 mg/m 2 .
The proposed dosing algorithm is expected to result in a risk of haematological DLT between 15% and 55% for all patients. Complete equalization of the risk of haematological DLT would have required a much more complex dosing algorithm. This is related to the highly non-linear pharmacokinetic profile of indisulam. The proposed dosing algorithm was selected as the optimal algorithm, given that it should be feasible for implementation in clinical practice.
In conclusion, this study has identified patient-related covariates related to an increased risk of haematological adverse effects after therapy with indisulam. Dose individualization based on these patient-related covariates might result in safer treatment for high risk patients and more effective treatment with higher doses for low risk patients. Dose individualization using the proposed algorithm may contribute to optimization of treatment with indisulam.
